An investigation was performed of the effectiveness of a time-resolved method for imaging very-lowcontrast features embedded in highly scattering media. Experiments employed slabs of breastlike material into which were inserted small cylindrical objects having either a scattering or an absorption coefficient of 4, 2, 1.5, and 1.1 times greater than the surrounding medium. An attempt was made to quantify the degree of contrast produced by each object. The results indicate that time-gating is far more effective at enhancing the contrast of the scattering inhomogeneities than of the absorbing inhomogeneities. This observation is shown to agree with a diffusion-based model, which also predicts that time-gating can decrease the contrast of absorbing inhomogeneities unless very short time-gates can be employed.
Introduction
The field of biomedical optics has flourished during the past decade, and one of its main objectives is to develop a new noninvasive diagnostic imaging technique that uses harmless doses of near-infrared ͑NIR͒ light. 1,2 A number of new imaging methods have recently been proposed based on the measurement of photon flight times through tissue. [3] [4] [5] [6] [7] [8] When tissue is transilluminated by a short pulse of NIR light, severe scatter significantly broadens the temporal distribution of transmitted light, known as the temporal point spread function ͑TPSF͒. Experiments have demonstrated that measurements of the earliest arriving photons, which have traveled the shortest paths between source and detector, can be used to generate images with significantly improved spatial resolution.
Unfortunately, the scarcity of photons with the shortest path lengths limits the spatial resolution that time-gating methods are able to achieve. However, a recent extension to time-gating, known as temporal extrapolation, has allowed this limit to be partially overcome. 9 This involves improving the estimation of the intensity of short path-length photons by fitting a mathematical model of photon migration to all or part of the measured temporal distribution. The model is then used as a noise-free estimate of the original data, and images are created from the predicted intensities of short path-length photons. This method was successfully employed by the authors to acquire subcentimeter images of small inhomogeneities embedded within a slab of material with properties accurately matched to those of breast tissue. 10 In principle, an optical imaging modality may be able to detect differences between tissues arising from localized changes in any of the four fundamental characteristics of tissue: the refractive index n, the absorption coefficient a , the scatter coefficient s , and the scatter anisotropy factor g. For large thicknesses of tissue, where photon transport can be described as a diffusion process, the last two properties can be conveniently combined in terms of the transport scatter coefficient s Ј ϭ s ͑1 Ϫ g͒. Studies of the properties of breast tissues have shown inherent variation in both scatter and absorption 11, 12 ; however, it has yet to be established conclusively which would be the most useful source of contrast.
Although recent experiments and theoretical models have provided a reasonably consistent assessment of the spatial resolution performance of the timeresolved methodology, there have been relatively few analyses of the sensitivity of the imaging techniques to small changes in the optical properties of embedded features. Given that the differences between the absorption and the scattering properties of tumors and surrounding tissues are likely to be small, 12 it is of considerable interest whether time-resolved imaging is likely to be sufficiently sensitive to be employed for detecting breast disease. Previous quantitative investigations of the contrast performance have been scarce. A recent study by Berg et al. 3 investigated, both theoretically and experimentally, the contrast produced by a 5-mm hole in the middle of a 30-mm thick slab of the highly scattering plastic. The investigators observed the effect on the contrast as the optical properties of material within the hole were varied. Interestingly, it was found that for a specific time-gate of 230 ps there were critical combinations of a and s Ј for the hole for which the contrast was equal to unity, and the hole was invisible. However, in this situation, it was suggested that visibility could be restored by selection of a greater or smaller time gate.
We report here the results of a more general study in which imaging experiments were performed to investigate the effectiveness of time-resolved imaging for detecting small embedded objects having small differences in either absorption or scatter relative to the surrounding breastlike scattering medium.
Experimental Method
A pair of tissuelike plastic phantoms were constructed, each containing four small embedded objects. In one phantom these objects had a range of scattering coefficients, and in the other a range of absorption coefficients. The initial stage of the manufacture involved production of two solid slabs in a manner similar to that described for a previous study. 10 Each slab was cast from a suspension of titanium dioxide particles and a NIR dye in epoxy resin, following the recipe developed by Firbank et al. 13 The optical properties of each slab corresponded to a ϭ 0.006 mm Ϫ1 and s Ј ϭ 0.9 mm Ϫ1 , which fall within the reported range of values for healthy breast tissue. 11 Each slab had a refractive index of 1.56 at 800 nm and dimensions of 55 mm ϫ 82 mm ϫ 166 mm.
A series of small solid cylinders were then prepared to provide the objects of differing contrast within the phantoms. Given the practical limitations of an imaging experiment duration, together with the necessity for the objects to be well separated and of reasonable size, it was decided to insert four objects within each phantom. Four cylinders were manufactured with the same absorption as the slab, but with scatter coefficients of 4, 2, 1.5, and 1.1 times greater than the slab, and another four were manufactured with the same scatter coefficient as the slab, but with different absorption coefficients varying in the same ratios. Each cylinder had a length of 5 mm and a diameter of 5 mm. The selection of the four ratios was based on results of previous imaging experiments, 10 which suggested that cylinders of this size should be easily discernible with a factor of 4 increase in either a or s Ј, whereas those with a factor of 1.1 increase would probably not be. Four holes of 5.5 mm diameter were drilled in each slab, and a cylinder was deposited in each hole. The remaining space was then filled with the same material used to manufacture the slabs. The center of each cylinder was located in the plane halfway between the front and the back faces of the slabs, in the configuration illustrated in Fig. 1 . Hereafter, the two phantoms will be referred to as the absorbing contrast phantom and the scattering contrast phantom.
The University College, London, time-resolved imaging system, described in detail elsewhere, 8, 9 employs a Ti:sapphire laser as a source of NIR pulses and a streak camera to measure the TPSF. The phantoms were imaged in separate experiments. As in a previous study, 10 a beam of pulses was automatically raster scanned in two dimensions, at a wavelength of 800 nm and an incident power of ϳ1 W, across the surface of the phantom while the TPSF was recorded at each position. Scanning involved translating the phantom 50 mm horizontally and 44 mm vertically in 2-mm steps, with the center of the scan corresponding to the center of the phantom, and recording the TPSF for 5 s at each position. The streak camera sampled data over a full temporal width of 3.2 ns, which was sufficient to record the majority of the power in each TPSF. Laser power was monitored continuously, which enabled the data to be corrected for small variations that inevitably occurred during each 9-h experiment. Following a routine series of calibrations described elsewhere, 8 time-resolved images of each phantom were generated directly from the data and from least-squares fits of the diffusion model of Patterson et al. 14 The percent contrast produced by each cylinder within each of the time-resolved images was evaluated with the following formula:
Here I H is the intensity averaged over a region occupied by the cylinder and I B is the mean background intensity. 
Results

A. Images of the Absorbing Contrast Phantom
Images of the absorbing contrast phantom were generated by numerical integration of the intensity of each TPSF between zero ͑defined as the exit time of an unscattered photon͒ and a specified time interval ⌬t. Figure 2 shows the image corresponding to ⌬t ϭ 2500 ps, which represents the largest integration time that could be accommodated given the finite temporal range of the data. The highest absorbing cylinder, D, is easily identified, and in general the ability to identify the other cylinders decreases with the magnitude of their coefficient ratio. As expected for a time window of 2500 ps, which is virtually the same as cw transillumination, the spatial resolution is poor. Given that the cylinders, never less than 20 mm apart, are barely resolved, the resolution is probably no better than 2 cm. Time-gating was explored as a means of improving the contrast of the cylinders, and a series of further images were generated for shorter time windows. However, somewhat surprisingly, the contrast of the cylinders in the time-gated images was found to be worse than that observed in Fig. 2 . Although there is no shortage of transmitted light detected over the first nanosecond, systematic noise overwhelms the very low contrast of the embedded cylinders for ⌬t Ͻ 1000 ps. An attempt was made to overcome this noise by replacement of each data TPSF with a diffusion model profile generated by a least-squares fit. However, the very small differences between the TPSF's due to the embedded cylinders proved to be comparable with or smaller than the uncertainty in the estimation of the photon intensity derived from the fit. Streak cameras suffer from various sources of systematic noise, the most serious of which are temporal nonlinearity and a nonuniform background intensity, both of which are difficult to quantify and are likely to vary from experiment to experiment. The sources of systematic noise and the attempts to correct for their effects are discussed in detail elsewhere. 8, 10 B. Images of the Scattering Contrast Phantom Figure 3 shows an image of the scattering contrast phantom generated for an integration time of 2500 ps. Once again the cylinder corresponding to the largest scatter coefficient, D, is easily identifiable, and the ability to identify the other cylinders is consistent with their known coefficient ratios. Again the spatial resolution is poor, although possibly slightly better than for the absorbing contrast phantom at the same integration time. However, for this phantom the images generated at shorter integration times reveal a steady increase in contrast. This was observed as ⌬t was decreased to ϳ1000 ps, below which, as before, the images became dominated by systematic noise. Again a series of images was generated from diffusion model fits to the data, but unlike the case for the absorbing contrast phantom, there was a noticeable improvement in the quality of images at small integration times. Figure 4 shows an image of the scattering contrast phantom generated from the model fits with an integration time of 300 ps. Despite the presence of some systematic noise, it is still possible to identify the inhomogeneities in Fig. 4 with varying ability. Unfortunately, images generated from the model profiles for ⌬t Ͻ 300 ps were again overcome by noise.
It was apparent in some of the time-resolved images, including that shown in Fig. 3 , that the observed positions of some cylinders did not always correspond exactly with their expected positions, indicated by the white crosses. The uncertainty involved in the actual positioning of the cylinders inside the slabs was less than 1 mm, and this is unlikely to account for the observed discrepancy. Another factor could be the ensemble effect of multiple inhomogeneities. In the ideal ballistic imaging scheme the observed position of the inhomogeneities should cor- Fig. 2 . Absorbing contrast phantom time-gated image generated for ⌬t ϭ 2500 ps. Expected positions of inhomogeneities are indicated by white crosses. Fig. 3 . Scattering contrast phantom time-gated image generated for ⌬t ϭ 2500 ps. Expected positions of inhomogeneities are indicated by white crosses.
respond with their expected positions. However, as ⌬t increases the photons are able to interact with more than one embedded cylinder before being detected. Therefore the observed position of a given cylinder in the image will be influenced by the presence of the surrounding inhomogeneities. Although an increase in the discrepancy is observed as ⌬t increases, the effect is certainly a nonlinear function of ⌬t, and unfortunately at present there is no obvious correction that can be made.
C. Evaluation of Inhomogeneity Contrast
The image contrast due to each embedded cylinder was evaluated with Eq. ͑1͒. The mean intensity I H produced by each cylinder was calculated by averaging over the 3 ϫ 3 pixels centered at the expected positions, and the mean background intensity I B was calculated from a region of 46 pixels selected at the periphery of each image farthest from the highest contrast inhomogeneity. The nine-pixel region was small enough that the small apparent shift observed in the position of some cylinders had a negligible effect on the calculated values of I H . Figure 5 shows the contrast of the cylinders evaluated from a series of time-gated images of the absorption contrast phantom. The values for the uncertainties in C were derived from the calculated standard deviations of I H and I B . This figure confirms the earlier suspicion that the apparent contrast of the cylinders actually decreased as ⌬t decreased from 2500 to 1000 ps. The absolute decrease in percent contrast between 2500 and 1000 ps is approximately constant at 3% for all the cylinders. For ⌬t of 1500 and 1000 ps, the error bars for the lower contrast inhomogeneities became extremely large owing to the presence of systematic noise, and hence the missing data points. The figure also suggests that the relationship between the absorption coefficient ratio and the percent contrast is reasonably linear. Figure 6 shows the contrast of the cylinders evaluated from a series of time-gated images of the scattering contrast phantom. This time it is observed that the percent contrast of all the cylinders increases as ⌬t decreases. The figure also indicates that the larger the scatter coefficient ratio, the greater the gain in percent contrast as ⌬t is decreased from 2500 to 300 ps. Furthermore, the maximum percent contrast that can be achieved for all the cylinders is much larger than the corresponding values achieved for the cylinders in the absorbing contrast phantom. Once again certain points have been omitted when the uncertainties become extremely large. The relative behavior of absorbing and scattering inhomogeneities as a function of integration time is illustrated in Fig. 7 , which shows the contrast produced by the cylinder in each phantom with the largest coefficient ratio ͑4.0͒. The error bars have been omitted on this occasion for clarity, although for ⌬t Ͻ 1000 ps the uncertainty in these values is significant.
Note that, although the effect of the inhomogeneities on the estimate of I B was minimized, it is unlikely to be negligible. Embedded absorbers will influence the intensity of light at quite large displacements from the source-detector axis, and thus we must assume that I B is lower ͑in the case of the absorbing contrast phantom͒ than it would have been if none of the inhomogeneities had been present. Nevertheless, this method gives a good quantitative measure of the apparent visual contrast of the individual cylinders.
Discussion
First it must be emphasized that the study described above was ambitious and difficult to perform. The embedded cylinders represented very subtle inhomogeneities, orders of magnitude smaller in contrast than many of the objects used in previous experiments to validate tissue-imaging methods. 1,2 One of the inevitable consequences of this study has been a demonstration of the severe limitations of streak cameras for this type of work. As has been discussed above, the imaging performance has been limited by the inherent sources of systematic noise rather than the flux of available photons. It is anticipated that a linear time-correlated single-photoncounting system, such as the one recently described by Cubeddu et al., 4 should be capable of superior results.
Despite the struggle against noise, this study highlighted the true inherent difficulty of the breastimaging problem and produced some interesting results. The most surprising result is the observation that, whereas time-gating over smaller intervals increases the contrast of embedded objects of different scattering coefficients, the opposite occurs for objects of different absorption coefficients. Unfortunately, at present there are no other experimental studies in the literature against which to compare this result. However, the influence of localized changes of the optical properties within highly scattering media on external time or frequency domain measurements has been subject to considerable recent study with perturbation methods. [15] [16] [17] [18] For example, Arridge developed a perturbation model based on the time-dependent diffusion equation. 16 A specific formulation of Arridge's model, described by Hebden and Arridge, 19 was employed to study the contrast produced by pointlike inhomogeneities within a slab geometry. Figure 8 shows the contrast, as predicted by the model, as a function of integration time ⌬t for an absorbing and a scattering pointlike inhomogeneity. The model incorporated the optical properties and thickness of the slab and assumes that the detector and source are collinear with the inhomogeneity. Strictly, the curve for the scattering inhomogeneity was generated by a perturbation in the diffusion coefficient, but the approximation is valid for s Ј Ͼ Ͼ a , as is the case here.
The model confirms that as the integration time is decreased the contrast of an absorbing inhomogeneity ͑solid curve͒ slowly decreases to a minimum at ⌬t ϳ 1000 ps and then dramatically increases for ⌬t Ͻ 300 ps. Meanwhile the decrease in ⌬t produces a steady increase in the contrast of the scattering inhomogeneity ͑dashed curve͒ and does so dramatically for ⌬t Ͻ 1000 ps. These predictions are in remarkably good agreement with the experimental results presented in Fig. 7 , although the behavior at short integration times for the absorbing inhomogeneities is obscured by a poor signal-to-noise ratio.
Although the behavior of contrast produced by both types of inhomogeneity is apparently in accordance with theory, these results can initially seem counterintuitive. However, it is easily understood by considering two conflicting effects that influence contrast as a function of photon flight time. First, as ⌬t is increased, the sampled volume becomes larger, and photons are able to scatter around the inhomogeneity without interacting with it. In both cases this produces the rapid decrease in contrast at short integration times. Second, an increase in ⌬t permits the detection of very long path-length photons whose probability of eventually interacting with the inhomogeneity will increase with increasing flight time. Thus there is a tendency for a slight increase in the contrast produced by the absorbing inhomogeneity at very large values of ⌬t. However, as photon path lengths increase, photons will arrive at the location of the inhomogeneity from a direction which is increasingly random, and a scattering perturbation will have a decreasing influence. Thus the contrast produced by a scattering inhomogeneity always declines as ⌬t increases. Note, of course, that a real inhomogeneity will not be pointlike. A photon that interacts with an inhomogeneity with a large scatter coefficient and finite size is more likely to be delayed within it and consequently experience additional absorption due to the a of the inhomogeneity. As a consequence the contrast observed in an arbitrary clinical situation might be less predictable.
The problem encountered in any attempt to define the lowest observable contrast for an imaging system is that contrast is inextricably linked with spatial resolution and signal-to-noise ratio. Previous studies 8 have already shown that spatial resolution improves with decreasing ⌬t, whereas this study has revealed that this improvement need not be accompanied by an improvement in contrast. Decreasing ⌬t is also associated with a decrease in signal-to-noise ratio, and clearly a compromise is necessary between conflicting requirements. In a medical imaging situation, the principal task is to be able to distinguish abnormal from healthy tissue, and it is not yet clear whether resolution or contrast will be the dominant concern. If, for example, the morphology of a tumor is what distinguishes it from other tissues, then spatial resolution is obviously of primary importance. However, if tumors are suspected of having characteristic scattering or absorbing properties, then image contrast could provide the signature needed to identify them. So far there have been no studies that suggest any strong spectral features characteristic of breast tumors, although differences from surrounding tissues have been found.
The implications of this study for breast imaging are significant. It has been suspected that the contrast observed in cw images of the breast has been due to increased vascularization in the vicinity of the tumor and therefore corresponds to an increase in absorption. 20 If so, unless very short ͑Ͻ300 ps͒ time gates can be employed ͑which is difficult, even with temporal extrapolation͒, time gating does not appear to offer an effective means of enhancing image contrast. On the other hand, if tumors represent a difference in scatter, then time-resolved techniques could prove to be far more valuable. Current estimates of the optical properties of breast tumors have been limited to in vitro measurements. The recent study by Troy et al. 12 indicated no overall statistical difference in the optical properties of healthy or diseased breast tissue, although for a given patient the values reported for s Ј were generally greater in the diseased tissue than in the healthy tissue. For one patient a s Ј of 1.04 Ϯ 0.2 mm Ϫ1 was reported for healthy tissue and 1.48 Ϯ 0.2 mm Ϫ1 for a ductal carcinoma. These values for s Ј closely correspond to the values employed for the scattering contrast phantom and cylinder B. Unfortunately, the study was less informative about the expected ratios in absorption coefficients, as values were probably underestimated owing to blood drainage following excision. Perhaps the most certain conclusion of the research presented here is that the effectiveness of timeresolved imaging for breast imaging will be known only once clinical studies are performed. Fortunately, suitable imaging systems are already being constructed for this purpose.
